Single-crystal X-ray diffraction coupled with TEM and SAD investigations demonstrate that Gd5Si1.5Ge2.5 exists as two distinct structural phases at room temperature: the orthorhombic Sm5Ge4-type and the monoclinic Gd5Si2Ge2-type. This phenomenon occurs from the "nanoscale zippers" involving (Si, Ge) dimers that form or break bonds between the fundamental building units.
Introduction
The unprecedented giant magnetocaloric effect (MCE) 1 found in Gd 5 (Si x Ge 1-x ) 4 , along with other unique magnetic properties such as a colossal magnetostriction 2 and giant magnetoresistance, 3 has initiated vigorous research activities on this and related lanthanide systems. 4 Further studies show that the giant MCE found in Gd 5 Si 2 Ge 2 is due to a first-order phase transformation on heating, when a ferromagnetic to paramagnetic transition at ca. 277 K is coupled with the orthorhombic Gd 5 Si 4 -type to monoclinic Gd 5 Si 2 Ge 2 -type crystallographic transition. 5 Temperature-dependent, singlecrystal X-ray studies of Gd 5 Si 2 Ge 2 show that the magnetic transition accompanies a simultaneous structural transition, which involves reversible covalent bond cleavage and formation while maintaining its crystallinity throughout the transition. 6 Such a single crystal to single crystal phase transformation with covalent bond-breaking and reforming is an extremely rare phenomenon, 7 although examples involving weaker interatomic interactions such as van der Waals forces and hydrogen bonding are more frequently found. 8 The structural phase transitions in Gd 5 (Si x Ge 1-x ) 4 can be induced by changing temperature, magnetic field, pressure, and/or the Si/Ge ratio. 5 As the Si content increases, the room-temperature crystal structures of Gd 5 (Si x Ge 1-x ) 4 vary from the orthorhombic Sm 5 Ge 4 -type (0 < x e 0.3) to the monoclinic Gd 5 Si 2 Ge 2 -type (0.400 < x e 0.503), and further to the Gd 5 Si 4 -type (0.575 e x e 1) in a paramagnetic state, while in a ferromagnetic state the crystal structures are all Gd 5 Si 4 -type, regardless of x. 9,10 These three structure types 11 can be constructed from 2 ∞ [Gd 5 (Si x Ge 1-x ) 4 ] slabs held together by (Si,Ge) atoms. 12 One of the most drastic differences that exists between these types is the interslab bonds of the (Si, Ge) atoms. All of the (Si, Ge) atoms between the 2 ∞ [Gd 5 (Si x Ge 1-x ) 4 ] slabs occur in dimers in the Gd 5 -Si 4 -type with an interatomic distance of ca. 2.6 Å. In the Gd 5 Si 2 Ge 2 -type, one-half of these dimers break into two "isolated" (Si,Ge) atoms and, finally, in the Sm 5 -Ge 4 -type all of these (Si,Ge) atoms are "isolated." 10d This action is reminiscent of a "zipper," if we consider the opening and closing action of a zipper as breaking and reforming interslab covalent bonds (Figure 1 ). 5 (T 2 6-)(T 4-) 2 (1e -)], where T represents Si or Ge. Note that the number of electrons assigned to the conduction band drops as some of the T 2 bonds break. Essentially, this remarkable series demonstrates sequential redox reactions taking place in the solid state. Therefore, subtle differences in the Si/Ge ratio, temperature, pressure, or magnetic field can create a "nanoscale zipper" composed of (Si,Ge)-(Si,-Ge) dimers across the two-dimensional 2 ∞ [Gd 5 (Si xGe 1-x ) 4 ] slabs in the Gd 5 Si 4 -Gd 5 Ge 4 isoplethic system (NOTE: Gd 5 Ge 4 does not melt congruently, so this system is strictly not "pseudo-binary").
In this paper we examine Gd 5 Si 1.5 Ge 2.5 from the Gd 5 (Si x Ge 1-x ) 4 system (x ) 0.375), which lies between the extended solid solution with the orthorhombic Sm 5 -Ge 4 -type (0 < x e 0.3) and the monoclinic Gd 5 Si 2 Ge 2 -type (0.4 < x < 0.503) alloys at room temperature 9 using temperature-dependent, single-crystal X-ray diffraction together with transmission electron microscopy (TEM) and selected area diffraction (SAD). Our motivation for this structural study is 2-fold. One is to find possible relationships between the crystal structure and the magnetic properties reported for the title compound. As prepared, Gd 5 Si 1.5 Ge 2.5 exists in a two-phase region between two different structure types under ambient conditions, 9 We report here the single crystal as well as detailed surface structures of polycrystalline Gd 5 Si 1.5 Ge 2.5 . We find the coexistence of the monoclinic Gd 5 Si 2 Ge 2 -type and the orthorhombic Sm 5 Ge 4 -type in crystalline samples of Gd 5 Si 1.5 Ge 2. 5 . The difference in the nanoscale "zipping action" of (Si,Ge)-(Si,Ge) dimers between the (10) (a) The two end members of the ternary Gd5(SixGe1-x)4 system, Gd5Ge4 10b (Sm5Ge4-type) and Gd5Si4 (Gd5Si4-type), 10c 5 . An analysis of transmission electron microscopy (TEM) and selected area diffraction (SAD) of polycrystalline Gd 5 Si 1.5 Ge 2.5 also confirms the coexistence of both phases.
Experimental Section
Synthesis. The purity of Gd is a critical issue because small amounts of impurities can significantly reduce the magnetocaloric effect. We used a high quality Gd metal (99.99 wt. %+) obtained from the Materials Preparation Center of the Ames Laboratory. The major impurities were (in ppm atomic) O, ∼300-1000; C,∼100-350; N, ∼50-300; F, ∼25-100; and Fe, ∼16-35. Si (99.9999%) and Ge (99.9999%) powders were obtained from CERAC, Inc. The Gd 5Si1.5Ge2.5 sample examined in this study was prepared by arc-melting its constituent elements in an argon atmosphere on a water-cooled copper hearth. The resulting button was remelted several times and turned over after each melting to ensure homogeneity. Single crystals were selected from the as-cast sample. Because preliminary thermal analysis studies indicate that Gd5Si1.5-Ge2.5 forms peritectically from the melt, this method of obtaining single crystals minimizes the formation of Gd5(SixGe1-x)3 and Gd(SixGe1-x). 9 Analysis of the final product using semiquantitative energy-dispersive spectroscopy (EDS) attached to a scanning electron microscope (SEM) indicated that the average composition is Gd5Si1.52(3)Ge2.48(3). The roomtemperature X-ray powder diffraction pattern for Gd5Si1.5Ge2.5 also shows that the bulk sample is a two-phase alloy with the monoclinic Gd5Si2Ge2-type and orthorhombic Sm5Ge4-type phases. 9 Annealing the sample for 3 days at 1270 K, which was performed for the samples examined in ref 14a, does not give an X-ray powder diffraction pattern different from that of the as-cast samples, but does create crystals of poorer quality for single-crystal X-ray diffraction experiments. The EDS analysis indicates that the compositional variations across the bulk sample are negligible, suggesting that the compositional difference between the orthorhombic and monoclinic phases is very small.
Transmission Electron Microscopy. The Gd 5Si1.5Ge2.5 sample was mechanically thinned to 140 µm, reinforced with epoxy and a single-slit Mo support grid, and then mechanically dimpled until the center of the specimen was perforated. During the dimpling process the sample was reinforced with epoxy again after cracks started to appear. The sample was ion-milled at 4.5 kV, 15 degrees, and 1 mA for 1.5 h to clean the surface. TEM bright field images (BF) and SAD patterns were taken of the sample both off and on zone axes.
Single-Crystal X-ray Crystallography. X-ray diffraction data of single crystals of Gd 5Si1.5Ge2.5 were collected using a Bruker CCD-1000 diffractometer, operating at 50 kV/40 mA, with Mo KR radiation (λ ) 0.71073 Å) and a detector-to-crystal distance of 5.08 cm. Data were collected in at least a quarter hemisphere and were harvested by collecting three sets of frames with 0.3°scans in ω for an exposure time of 10-20 s per frame (for the crystals discussed in subsequent sections, data were collected in a half hemisphere). The range of 2θ extended from 3.0°to 56.0°. The reflections were extracted from the frame data using the SMART program 15 and then integrated using the SAINT program. 15 Data were corrected for Lorentz and polarization effects. Absorption corrections using SADABS 15 were based on fitting a function to the empirical transmission surface as sampled by multiple equivalent reflections. Unit cell parameters were indexed by peaks obtained from 90 frames of reciprocal space images and then refined using all observed diffraction peaks after data integration. The structure solution was obtained by direct methods and refined by full-matrix least-squares refinement of F o 2 using the Bruker SHELXTL package. 15
Results and Discussion
Structure Refinement. The first Gd 5 Si 1.5 Ge 2.5 crystal selected (hereafter, referred as crystal 1) has a crystallographic problem when we attempt to solve the data set based on the orthorhombic Sm 5 Ge 4 -type. Although the cell parameters match well with the ones from the Sm 5 Ge 4 -structure type (a ) 7.647(1) Å, b ) 14.77(2) Å, c ) 7.768(2) Å), the R value is quite high: R ) 0.1029 [I > 2θ(I)] for 50 parameters and 848 reflections. Although the bond distances from this initial structural model are all chemically reasonable, significant electron residues are present near every Gd site i.e., the highest one is 23.7 e -/Å 3 located 0.9 Å from Gd1 site ( Table 1 ), indicating that our preliminary structural model is far from the correct one.
Therefore, we carefully examined the reciprocal lattice grids extracted from the CCD frame data. The (hk1) reciprocal lattice slice of crystal 1 is shown in Figure 2 Judging from the (hk1) lattice slice, crystal 1 contains two different crystalline domains, namely ca. 30% monoclinic Gd 5 Si 2 Ge 2 -type and ca. 70% orthorhombic Sm 5 Ge 4 -type (Figure 3a) . The fraction of each phase can be estimated by comparing the three strongest reflections of each phase. It is assumed that the three In an effort to find a specimen showing just a single type, i.e., either Sm 5 Ge 4 -or Gd 5 Si 2 Ge 2 -type, we tested numerous crystals. Crystal 3, whose reciprocal (hk1) slice is shown in Figure 3c , shows only the reflections corresponding to the orthorhombic Sm 5 Ge 4 -type, unlike the previous two cases. However, all efforts to produce (16) (a) The twin observed here is a nonmerohedral twin, where only a small fraction of reflections from two twin components can be superimposed, while the majority of the reflections remain unaffected by the twinning. Because of the twin relationship k′ ) k -(2/9)h, 16b the two twin domains coincide almost exactly when |h| ) 0 or 9. When |h| ) 4 or 5, the reflections from the two individuals significantly overlap one another. and find monoclinic Gd 5 Si 2 Ge 2 -type crystals with the Gd 5 Si 1.5 Ge 2.5 composition have failed. When we face a delicate structural problem such as this, X-ray single crystal diffraction has an advantage over X-ray powder diffraction. Although X-ray powder diffraction can distinguish both structure types in the bulk materials, it cannot identify detailed information about the intimate structural relationship between two crystalline phases. Herein, we report the single-crystal data only for crystal 3 because the datasets for crystal 1 and 2 are not of sufficient quality due to overlap of the reflections which originate from the two crystalline domains. The X-ray crystallographic data and atomic coordinates at 292 and 163 K for crystal 3 are listed, respectively, in Tables 1  and 2 . The refined compositions of the crystalline specimen are Gd 5 Si 1.59(4) Ge 2.41 at 292 K and Gd 5 Si 1.57(4) -Ge 2.43 at 163 K.
Structure. At 163 K Gd 5 Si 1.5 Ge 2.5 in specimen 3 crystallizes in space group Pnma and belongs to the Gd 5 -Si 4 -type. The structure at 292 K also crystallizes in the same space group, but belongs to the Sm 5 Ge 4 -type (see Figure 4a and b for both structure types slabs. The key difference between the two structure types is how these slabs are connected. At 163 K, all the interslab (Si,Ge) atoms are connected to one another, but at 292 K, all the interslab atoms become isolated. The interslab (Si,Ge)-(Si,Ge) distance changes from ca. 2.6 Å (163 K) to 3.5 Å (292 K). Phase Transition. The magnetically coupled structural transitions in the Gd 5 (Si x Ge 1-x ) 4 system for x e 0.503 can be monitored with changing temperature by using the crystallographic a parameter, because the change in a lattice parameter during the phase transition is quite drastic, typically five times greater than that along the other two crystallographic directions. 9 Figure 5 illustrates the change in the crystallographic a parameter for crystal 3 as the temperature varied from 203 to 214 K, and indicates the transition temperature to be ca. 211 K. Because the Curie temperature T c shows linear dependence on the Si/Ge ratio in Gd 5 (Si x Ge 1-x ) 4 (x e 0.503), it is possible to extrapolate the transition temperature for Gd 5 Si 1.5 Ge 2.5 from magnetic measurements. The expected T c for Gd 5 Si 1.5 Ge 2.5 is 208 K, which is in good agreement with the temperature of the structural transition, 211 K. 11d Therefore, T c is an ideal parameter to monitor any compositional changes in the Gd 5 (Si x Ge 1-x ) 4 series. movement of this type of slab. 19 (Zr x Ti 1-x ) 5 Ge 4 shows an interesting transition as x varies from 0.42 to 0.78, where it adopts the orthorhombic Sm 5 Ge 4 -type with 0.42 < x < 0.62 and monoclinic Y 2 Mo 3 Ge 4 -type with 0.72 < x < 0.78. 19 In this structure type, the dimers between the slabs do not adopt a herringbone pattern found in the other three structure types shown in Figure 8a and b. Conclusion. The crystal structure of Gd 5 Si 1.5 Ge 2.5 structure shows its unique ability to adopt two different structure types in a crystalline sample: the Sm 5 Ge 4 -type and Gd 5 Si 2 Ge 2 -type. The structural variation is due to the "nanoscale zipping" action, which occurs between the 2 ∞ [Gd 5 (Si 
